Abstract A submarine is routinely required to return to periscope depth; however, a transition from deep to shallow waters is one the most dangerous operations due to the potential to collide with surface vessels. Submarine operations are not particularly well understood outside the immediate submarine community, particularly from a sociotechnical perspective. A submarine sounds and control room simulator was used to examine the work of ten teams. The Event Analysis of Systematic Teamwork method was used to model the social, task and information networks in order to describe team performance. Results showed that the sonar controller and operations officer are the busiest in the command team. Communication between these operators was revealed as a potential bottleneck in the command team, particularly during higher demand scenarios. The information communicated and tasks completed centred on the processing and understanding of sonar data. Implications are discussed alongside suggestions for future work.
Introduction

Sociotechnical systems-control rooms
A sociotechnical system involves the interaction of human operators and technology, with interdependence to pursue broader goal-directed behaviours creating the conditions for successful overall performance (Walker et al. 2008 . Control rooms are found in numerous other domains, such as aviation, chemical, energy production and distribution, defence, healthcare, manufacturing, nuclear, oil and gas and security . Their commonality is a reliance upon effective communication and teamwork (Stanton et al. 2003) . Such processes can be the determining factor in terms of team workload rather than the work itself (Salas et al. 2001; Stanton 2011; Salas et al. 2001; Carletta et al. 2000) . A major challenge when optimising the design and operation of rooms in general is that they are complex by nature and as a result knowledge is not easily attained and shared by operators, manufacturers and researchers alike . This is compounded by the fact that control rooms in many domains manage hazardous systems and are often subject to heightened security and regulation (Roberts et al. 2015) .
In sociotechnical systems effective sharing of information is critical as cognitive processes and situation awareness are not held by one agent or individual but rather are distributed across the control room (Stanton 2014 (Stanton , 2016 Stanton et al. 2017; Read et al. 2015) . Understanding how information is distributed and shared within command teams can facilitate the optimal design of control rooms and technologies (e.g. interfaces) within them across many domains (Stanton 2011 (Stanton , 2014 Salas et al. 2001; Lee and Kantowitz 2005) . The manner in which a team is configured and how technology supports communication can also influence their effectiveness (Stanton et al. 2015a, b; Espevik et al. 2006) . Understanding how processes and tasks are completed within the sociotechnical system and how situation awareness (SA) is maintained is a key challenge for facilitating the design of future control rooms in many domains (Stanton 2014 (Stanton , 2016 Stanton et al. 2017 ).
Submarine command and control: returning to periscope depth
A submarine control room requires effective interaction between numerous technological and human agents for optimal performance and maintenance of safety. As such it is an excellent example of a complex sociotechnical system (Shattuck and Miller 2006; Stanton 2014) . A primary role of submarines is to operate well below 'safe' depths (i.e. 60 m-which is below the hull of the deepest supertanker). Submarines undertake numerous duties including (but not limited to): costal protection, intelligence collection and scientific research (Stone et al. 2009; Bateman 2011) . Whilst there are tactical advantages of operating deep (particularly to remain covert), periodically submarines are required to return to periscope depth, which is approximately 20 m from the surface (Bateman 2011) . A transition from deep to shallow waters is arguably one of the most dangerous of the routine operations completed by submarines, with potentially catastrophic consequences if it collides with a surface vessel (Drumheller and Benoit 2004) . The submarine control room has evolved across decades and so represents a highly advanced system, but that does not mean that it cannot be improved (Stanton 2014) . The submarine predominantly relies on passive sonar to maintain awareness of surrounding vessels and avoid collisions with surface vessels as shallower depths are achieved (Shar and Li 2000) . Passive sonar is useful for the detection of vessels near the submarine, particularly when remaining covert is a key requirement. Nevertheless, the accuracy of such sensors can be greatly affected by background noise (e.g. multiple vessels) and oceanographic conditions (Zarnich 1999; Ogden et al. 2011) . A submarine command team is required to process and interpret passive sonar data to provide awareness of where the submarine can return to periscope depth whilst maintaining the safety of the crew and other vessels . Technological advancements have improved sensor and algorithmic capabilities, but this does not necessarily mean that such advancements are effectively integrated and/or utilised to optimise performance (Dominguez et al. 2006; Roberts et al. 2015) .
A submarine is equipped with numerous sensors, instruments and interfaces that must be used by a team of operators to support the Commanding Officer's (CO) tactical decision making. Understanding how each part of the sociotechnical system contributes to global mission objectives is a challenge (Loft et al. 2013; Stanton and Bessell 2014; Huf et al. 2004) . Even the CO is not explicitly aware of the large amount of data processing completed by individual operators to provide a tactical picture from which decisions can be made (Dominguez et al. 2006; Stanton et al. 2006 ). The warfighting capabilities (Hunter et al. 2014) , track management assessment (Loft et al. 2013 ) and tactical decision making problem spaces (Dominguez et al. 2006; Mansell et al. 2003; Chalmers 2010 ) of submarine command teams have been examined. However, none of these studies have examined multiple teams. A challenge for team-based research is to conduct studies with good statistical power to provide evidence for where improvements in control room design should be targeted.
A sociotechnical perspective of how a submarine return to periscope depth has been provided in previous work, when examining an operational command team during training (Stanton 2014; Stanton and Bessell 2014) . The descriptive power of such work has greatly informed understanding of how information flows around the submarine control room. This work has helped to identify critical information in the command team and the tasks that are completed (Stanton 2014) . In this work only one command team was examined, so team variances are unknown . A challenge for submarines of the future is adapting to greater variability in demand due to increasing numbers of vessels in the water, both surface and submerged, coupled with a shift in the primary location of submarine operation completion to coastal littoral zones (Bateman 2011; Duryea et al. 2008) . It is important to understand how a submarine return to periscope depth in conditions of both high and low-demand (e.g. varied number of contacts), to inform the design of adaptive, flexible control rooms that are optimal for different task loads.
Our work seeks to extend understanding of return to periscope depth operations from a sociotechnical perspective to identify potential weaknesses in current submarine control room design and suggest future design considerations for control rooms in general. A further aim is to examine multiple command teams to provide firm empirical validation of findings, something typically lacking from team-based research. The work shall also examine the effect of different levels of task demand on team strategies to facilitate understanding of the (non-) static nature of control rooms.
Method
Participants
Ten teams of 8 individuals (80 participants in total) were recruited by contacting local groups with a maritime or military interest (e.g. military-sponsored undergraduates, defence organisations and companies and Royal National Lifeboat Institute). A total of 71 males and 9 females participated with an age range of 18-55 (mean = 26.83, SD = 8.69) from a variety of backgrounds. One team were submariners from the British Royal Navy. Participation in the study was voluntary. The roles they fulfilled, as described in Table 1 
Equipment-The Submarine control room simulator
A submarine control room simulator (see Fig. 1 ) was built based upon a currently operational Royal Navy (RN) submarine control room (for full description see Roberts et al. 2015 to be representative of a currently operational control run. SMEs also informed the design of lower and higher demand return to periscope depth (RTPD) scenarios (see Table 2 ); each scenario lasted approximately 45 min, and the behaviour of 'contact' vessels was predetermined.
Design
The study employed a 2 9 9 mixed design (social networks), a 2 9 14 repeated measures design (information networks) and a 2 9 12 repeated measures design (task networks). The independent variables were scenario demand (within subjects), operator role (between subjectssocial network), information type (within subjects-information network) and task type (within subjects-task network). A 1 9 2 within-subjects design was used to examine overall network composition of the social and information networks. Scenario demand was manipulated by adjusting the number of contacts detectable in the scenario and their behaviour (see Table 2 ). The dependant variables included all communications that took place between operators within the command team and tasks completed.
Procedure
Participants attended the simulator facility for two full days from 8 am to 5 pm. On the first day (training) participants signed a consent form, simulator induction was performed, and operator roles were randomly assigned. Participants then spent the morning watching the first 3 video tutorials as a group, and each tutorial lasted approximately 45 min (see Table 3 for a description of tutorials). In between tutorials the experimenters encouraged questions regarding In the afternoon participants received tutorials specific to the workstation they had been assigned. Participants were sat at their relevant workstation and had the tutorial running on a top screen and a training version of their workstation interface on the bottom screen. This allowed participants to pause aspects of the tutorial and practice task completion interactively. The afternoon was spent completing practice training sessions (1 h) at individual workstations with help from the experimenters. The final part of training was dedicated to completing practice RTPD scenarios as a command team.
On the second day participants attended the simulator and immediately completed a refresher training scenario as a command team. Participants then completed both the low and high-demand RTPD testing scenarios. To prevent order effects the presentation order of scenarios was counterbalanced across teams. Participants were told that the first scenario would begin-all recording devices were started and a verbal time stamp was read aloud for synchronisation purposes. Each scenario began with an OOW briefing outlining the mission objectives (see Table 2 ). Once the command team had completed the mission objective the end of the scenario was called, after a short break for refreshments and debrief regarding the previous scenario participants were asked to sit back at their workstation and the second scenario would begin.
Analysis of data
The analysis of data used a new shortened form of Event Analysis for Systemic Teamwork (EAST: . This approach has been used previously to model submarine command and control (Stanton 2014) , and other domains including aviation (Stewart et al. 2008; Stanton and Harvey 2016) , naval warfare ) and emergency services . Three types of networks are derived from the raw data of video and audio recordings of communications within the command team. Social networks analyse the communications taking place between the 'agents' working in the team. Information networks describe the information that the different 'agents' use and communicate during task performance. Finally, task networks describe the relationships between tasks, their sequence and interdependences. These networks were processed using AGNA software (version 2.1.1-a software program for computing the Social Network metrics-see Table 4 ). The audio recordings were transcribed, and a frequency count of communications between agents was compiled in adjacency matrices for A complete description of all workstation interfaces. What the fundamental task requirements of each operator in the command team are and how they should interact with the interfaces to complete their specific duties within the command team
To develop an understanding of the particular tasks completed by each individual within the command team. This tutorial was completed very much at the level of the individual with a focus on manipulating the interface for procedural task completion. Examples include how to spot a contact on sonar, how to listen to a contact, how to designate a tack ID on sonar
Practice workstation free play Workstation-specific training scenarios were developed to encapsulate all tasks participants would encounter. Participants completed scenarios individually, with the rest of the command team 'auto-crewed'. Experimenters answered any questions and guided participants through the completion of tasks they were unsure of Participants could speed up time. This allowed participants to work at their own pace. The purpose of this part of the training was to allow participants to complete all of the task that they would be expected to complete in the command team, without command team pressures. Participants could restart scenarios multiple times and speed up time, allowing a focus on the tasks and procedures they felt needed the most attention
Command team tutorial A detailed description of how the tasks completed by each individual operator (and the information derived) should be shared across the command team to facilitate the generation of a complete tactical picture This part of the tutorial brings together the communication game, which taught participants the command structure and communication protocol. Instead of using anagrams as data, participants were now made aware of the tasks and data they were responsible for and which members of the command team need this information to generate a tactical picture Practice RTPD scenario completion
Participants completed shortened versions of the 2 scenarios (RTPD) that they would be expected to completed during testing. The scenarios were completed at least twice. Participants were given guidance from the experimenters concerning how the tasks completed at individual workstations feed into the global aims of the command team At this point participants were accomplished at completing the procedures and tasks at their own workstations. The final training session pulled together everything that had been learnt throughout the day. This included completing tasks at their workstation, passing relevant output (data) to members of the command team Cogn Tech Work (2017) 19:399-417 403 each team. The nodes in the information networks were determined using Leximancer software (version 2.1-a software program for identifying concepts in text documents), the top 14 information elements (according to frequency count) were included in the statistical analysis of the information nodes. The task nodes were derived by watching the videos and listening to audio to ascertain when a particular task was performed. The task networks were verified by SMEs before frequency counts were completed. A number of metrics can be acquired via AGNA to facilitate the quantitative assessment of the networks including global network metrics (e.g. density, diameter and cohesion) and individual nodal metrics (e.g. sociometric status and centrality of each node-see Table 5 ). A description of network typology is provided in previous work (Stanton 2014) . The data were assessed to check if met the requirements (e.g. distribution and homogeneity) for parametric analysis to be conducted. When examining network nodes the effect of scenario demand and operator role (social network metrics) were analysed by completion of a 2 9 8 mixed analyses of variances (ANOVA). A 2 9 14 repeated measures ANOVA was conducted to examine the effect of scenario demand and information type (information network metrics). To examine the effect of demand on entire network composition paired t tests were conducted to examine both social and information networks. The nodes and composition of the task networks were not examined as the composition of the task networks was the same during the high and low-demand scenarios across all teams. However, a 2 9 12 repeated measures ANOVA was conducted to examine the impact of demand on task completion frequency (task network metrics). All significant main effects were examined by conducting post hoc pairwise comparisons. To account for multiple post hoc comparisons the Bonferroni correction method was used (a = 0.05/number of comparisons). All statistical analyses were conducted using IBM SPSS v21.
Results
Social network analysis
The average frequency of communications between operators in the command team varied depending on command team role and scenario demand (see Fig. 2 ). OPSO and SOC had the largest volume of emissions and receptions of all operators. The overall composition of both networks is similar; however, the volume of interactions between operators appears to increase during the high-demand RTPD scenario.
Global social network metrics
A non-significant trend was observed (t 9 = -2.12, p = .06, d = 0.67) for an increase in the total number of emissions and receptions in the high-demand RTPD condition. This means that there were more interactions in the high-demand scenario, as to be expected. No other statistically significant effects were observed, indicating the structure of the network remained relatively consistent in both higher and lower demand conditions (see Table 6 ).
Nodal social network metrics
The main effects of demand, role and interaction between demand and role are presented in Table 7 . Overall, emissions, receptions and the sociometric status of nodes statistically significantly increased (p \ .05) whilst eccentricity statistically significantly (p \ .05) decreased in the high-demand RTPD scenarios compared to the lowdemand RTPD scenarios. The post hoc statistical analysis of significant effects is described below. 
Demand
When examining the effect of scenario demand, post hoc analysis revealed the emissions, receptions and sociometric status of OPSO, SOC, TMA1 were statistically significantly higher (p \ .05) in the high-demand RTPD condition than in the low-demand condition (see Table 7 and Fig. 2 ). Indicating that these operators communicated more frequently and received more communications in the highdemand scenarios. Moreover, the higher sociometric status indicated that the importance of these operators increased during the high-demand scenarios. SOP2 had statistically significantly (p \ .05) higher receptions in the high-demand condition but not emissions. Indicating this operator received more communications but did not communicate more themselves. The eccentricity of PERI and TMA2 was statistically significantly (p \ .05) lower in the high-demand condition indicating these operators were less connected to the rest of the command team during the highdemand scenarios.
Role
When examining the effect of operator role post hoc analysis revealed that OPSO and SOC had statistically significantly (p \ .05) more emissions, receptions and higher sociometric status than all operators. These operators were required to communicate and receive more communications than any other command team members, making them the most important operators in the network. OOW and SOC had statistically significantly higher (p \ .05) centrality and closeness than all operators. Indicating OWO and SOC were central to the exchange of information between the entire command team and were communicating more directly with more members of the command team. OPSO had statistically significantly higher (p \ .05) centrality than all operators (except OOW and SOC). PERI had statistically significantly (p \ .05) higher centrality than SOP1, SOP2, TMA1, TMA2 and SHC, indicating that the information PERI shared was also central to the command team. OPSO and PERI had statistically significantly (p \ .05) higher closeness than SOP1, SOP2, TMA1, TMA2 and SHC. TMA1 and TMA2 had statistically significantly (p \ .05) greater farness and higher eccentricity than all operators. Indicating that these operators were less connected to the rest of the command team and as a result information had to travel a greater distance across the command team when involving these operators. SOP1, SOP2 and SHC had statistically significantly (p \ .05) greater farness and higher eccentricity than all operators (except TMA1 and 2). OPSO has statistically significantly (p \ .05) greater farness than OOW and SOC. Indicating that out of the most important nodes in the network (revealed by sociometric status) information had to travel the greatest distance when involving OPSO. However, OPSO and SOC had statistically significantly (p \ .05) higher between than all other operators. OOW had statistically significantly (p \ .05) higher betweeness than all operators (except OPSO and SOC). Indicating that these operators (OOW, OPSO and SOC) were information brokers in the command team, with SOC and OPSO being particularly important for this.
Interaction between demand and role
When examining the interaction between demand and operator role for emissions, receptions, sociometric status and betweeness post hoc analysis broadly revealed similar effects to those observed when examining operator role. Notable exceptions were that SOC had statistically significantly (p \ .05) more emissions than OOW during the high-demand RTPD condition, but not during the low-demand condition. Indicating SOC was required to communicate more than OOW in the high-demand condition but not in the low-demand condition. OOW had statistically significantly higher (p \ .05) sociometric status than SOP1, SOP2, TMA1 and TMA2 in the RTPD low-demand condition but not during the high-demand condition. This indicates that the overall importance of OOW in the network was reduced in the high-demand condition. OPSO and SOC had statistically significantly (p \ .05) higher betweeness than OOW in the low-demand RTPD condition but not during the high-demand condition. Indicating that despite OOW having less overall importance as a node in the network (lower sociometric status), the OOW became more of an information broker between command team members.
Information network analysis
The structure of the information networks is relatively consistent in both high and low-demand RTPD scenarios with 'contact', 'bearing' and 'solution' the most connected information pieces (see Fig. 3 ). The volume of emissions from most information elements appeared to increase in the high-demand RTPD scenario although differences in relationships can be observed.
Global information network metrics
No statistically significant differences between the high and low-demand scenarios were observed for global = .22
= .25 Table 8 ), indicating that the overall structure of information used by operators did not vary as a result of scenario demand.
Nodal information network metrics
The main effects of demand, information type and interaction between demand and information type are presented in Table 9 . Overall, emissions and receptions of nodes statistically significantly increased (p \ .05) in the highdemand RTPD scenarios compared to the low-demand RTPD scenarios. The post hoc statistical analysis of significant effects is described below.
Demand
The emissions and receptions of bearing, contact, priority, sonar, speed and range were statistically significantly (p \ .05) higher in the high-demand condition than in the low-demand condition. Indicating that this type of information was passed between command team members more frequently in the high-demand RTPD scenarios compared to the low-demand scenarios.
Information type
Post Hoc analysis also revealed emissions, receptions and sociometric status of bearing were statistically significantly higher (p \ .05) than look, merge, priority, sweep, sonar and visual (see Table 9 and Fig. 3) . Emissions, receptions and sociometric status of course were statistically significantly higher (p \ .05) than priority, sweep and visual. Speed had statistically significantly (p \ .05) more emissions, receptions and higher sociometric status than merge, look, sweep, visual and priority. Solution had statistically significantly (p \ .05) more emissions, receptions and higher sociometric status than sweep and visual (see Table 9 and Fig. 3 ). The comparison of emissions and receptions of information facilitates an understanding of which information was exchanged more prevalently between members of the command team, whilst sociometric status reveals which information is the most important piece of information in the network. The results reveal that bearing is the most piece of information exchanged between command team members.
Post hoc analysis revealed that bearing had statistically significantly higher (p \ .05) centrality and closeness than merge, priority, sweep and visual. The centrality and closeness of course was statistically significantly higher (p \ .05) than sweep and visual. However, contact had statistically significantly higher (p \ .05) centrality and closeness than merge, priority, sonar, sweep, range and visual. Solution and speed had statistically significantly (p \ .05) higher centrality and closeness than sweep and visual. The comparison of the centrality and closeness of information reveals which information is central to the network and which information is most closely linked to all other pieces of information. Bearing is again the most central piece of information and is connected to the greatest volume of other information by the shortest pathways. Course and contact are similarly prevalent pieces of information in terms of centrality and closeness.
Bearing, course, periscope, solution, speed, depth and contact had statistically significantly (p \ .05) lower farness than visual. Contact had statistically significantly (p \ .05) lower farness than sweep. This indicates that information such as visual and sweep was the most disparate pieces of information in the network compared to all other information. Bearing had statistically significantly (p \ .05) higher betweeness than merge, priority, sonar, sweep, range and visual. Contact had statistically significantly higher (p \ .05) betweeness than all other information pieces except bearing. Solution and speed had statistically significantly statistically significantly (p \ .05) higher farness higher betweeness than sweep and visual. This indicates that information such as bearing, contact, solution and speed was persistently information brokers between more disparate pieces of information ibn terms of network connectivity.
b Fig. 3 Information network diagrams for low and high-demand RTPD scenarios. This is a representation of key information nodes verbally communicated by members of the command team and the connectivity of all information. For purposes of clarity only connections with a frequency higher than 5 are represented. The highlighted nodes reveal the information with the greatest volume of emissions and receptions that were statistically analysed 
Interaction of demand and information type
Bearing had statistically significantly (p \ .05) higher betweeness than priority, sweep and visual in the low-demand condition but only with sweep and visual in the highdemand condition. Contact had statistically significantly (p \ .05) higher betweeness than merge, priority, sonar, sweep, range and visual in the low-demand condition but only with depth and visual in the high-demand condition. This indicates the role of information such as bearing and contact in connecting disparate pieces of information was reduced in the high-demand condition.
Task network analysis
The type of tasks completed by the command team was the same for high and low-demand scenarios and so one network diagram detailing the task network is presented (see Fig. 4 ). The network metrics (node and global) have been calculated for a single network and are presented (see Tables 10 and 11 ). However, the frequency of task completion varied based upon demand; the results of this analysis are presented in Table 12 . The subtasks presented in the network diagram centre around the generation of a tactical picture. The completion of numerous subtasks (e.g. detecting contacts, designating contacts, then estimating contact speed) helps build a sonar picture to promote awareness of surrounding contacts, before a submarine is permitted to RTPD (see Fig. 4 ).
Global task network metrics
As the task network was identical for both low and highdemand scenarios, no comparison has been made (see Table 10 ), rather the global network metrics are reported for the overall network.
Nodal task network metrics
The metrics for the individual nodes in the network are shown in Table 11 . The task with the highest number of emissions was 'building the sonar picture' which required the completion of numerous subtasks (i.e. data analysis and assimilation) to inform the generation of the overall tactical picture when operating at depth (see Table 11 ). The verification of tasks networks by SMEs provided the basis for the completion of task frequency analysis.
Task frequency analysis
Post hoc analysis revealed that overall the frequency of task completion was statistically significantly higher Fig. 4 Task network diagrams for RTPD low and high-demand scenarios. The task nodes reveal what type of task needs to be completed and how each task is connected to additional tasks. Dotted lines represent a connection between tasks that only exists in particular circumstances. For example, clearing stern arcs (completing a turn to monitor sonar blind spot) only leads to a new OOW brief if a new contact is found to the stern of the submarine that was not previously detected. The task nodes with the highest sociometric status have been highlighted (p \ .05) higher than all other tasks (see Table 12 ). This indicates that there was more of these tasks to be completed at that the command team completed more of these tasks to facilitate the global objective of returning to periscope depth. Changes to own submarine parameters were completed statistically significantly (p \ .05) more than all tasks relating to periscope (e.g. raising periscope and detecting visual contacts). The frequency of task completion for detection, designation and classification of sonar contacts was statistically significantly (p \ .05) higher than sweep periscope and detect visual and designate visual in the high-demand RTPD condition but not in the low-demand condition (see Table 12 ).
Discussion
The social, information and task networks presented in this paper provide a detailed description of the interactions that occur within a simulated submarine control room (Loft et al. 2013; Stanton and Bessell 2014; Huf et al. 2004 ). The current work was validated whilst offering support for previous work which examined an operational Royal Navy team in a high-fidelity training simulator during a return to periscope depth, although demand was not manipulated in this study (Stanton 2014) . In particular, OOW and OPSO have the highest sociometric status highlighting the importance of these operators (Stanton 2014) . The type of information that was exchanged with the greatest frequency was also similar; typically 'contact' was a critical piece of information, in relation to information such as bearing, course and range (Stanton 2014) .
Demand
The general structure of the social, information and task networks did not vary between the high and low-demand conditions, suggesting that current control room configurations have flexibility in the system to adapt to different levels of demand. However, the number of interactions (emissions and reception) between operators increased as did the volume and complexity of contacts. This suggests that a submarine control room adapts to increased demand by communicating more frequently to pass greater volumes of information. If increased demand (e.g. a greater number of contacts) inflates the number of information exchanges and volume of information being passed by the command team in a linear fashion, this may have a negative impact upon performance (Stanton 2011; Stanton et al. 2015a, b; Salas et al. 2001; Carletta et al. 2000) . In particular the emissions of OPSO and SOC drastically increased in the high-demand to the point where their emissions and receptions were nearly double that of all other members of the command team. It seems that other media to support command team communication and sharing of information need to be explored to prevent command team members such as OPSO being overloaded (Stanton et al. 2002) . This view is supported by the fact that in the high-demand scenarios the command team appeared to adapt to higher demand by task shedding tasks such as 'completing sonar merges' and 'periscope sweeps' with both tasks being facilitated by SOC and OPSO, respectively. The heightened eccentricity of PERI and TMA2 in the high-demand condition indicates that during situations of increased demand members of the command team can become disconnected from the overall social network. A sociotechnical system requires effective interaction between humans and technology, but also from humanhuman (Walker et al. 2008 ). These operators are becoming potentially more distant from the command team due to communication technologies (e.g. radio network) and interface designs placing physical limitations on the passage of critical information (e.g. if one operator is monopolising the network). This is likely to negatively impact upon overall sociotechnical system performance, particularly if these operators hold information from a particular sensor that the command team may benefit from being shared. This offers support for previous work stating that technological advancements (i.e. improved sensor capabilities) do not necessarily optimise performance if they are not effectively integrated (Dominguez et al. 2006 ).
Social network analysis
PERI and SHC had significantly lower sociometric status than all other operators. This offers support for previous work showing that during a return to periscope depth passive sonar is the primary sensor used (Shar and Li 2000; Stanton 2014 ). This is further validated by the fact that SOP1 and SOP2 had a greater number of emissions and greater sociometric status than all operators in the command team (except SOC, OPSO and OOW). This suggests that the information being generated by SOPs is critical to the generation of a tactical picture and safe operation . SOC has the highest centrality and closeness of all operators in the command team (except OOW). SOC is responsible for distributing sonar information to relevant members of the command team. The high centrality of SOC further demonstrates the criticality of sonar information but potentially highlights the ambiguity of sonar data as a primary role of SOC is to quality check such information (Zarnich 1999; Ogden et al. 2011) .
OOW, SOC and OPSO represent 'higher command' in the submarine control room and have the largest number of interactions (emissions and receptions). Interestingly, OOW has lower sociometric status than OPSO and SOC highlighting that despite making key tactical decisions, the CO is not the busiest person in the control room (Dominguez et al. 2006; Mansell et al. 2003; Chalmers 2010) . Despite this, the OOW has the highest centrality of all operators in the command team showing that the OOW is the team fulcrum. The high sociometric status and betweeness of SOC and OPSO demonstrate the importance of these operators in terms of tactical picture generation (Stanton 2011; Salas et al. 2001; Carletta et al. 2000) . The low betweeness values of the SOP and TMA operators further demonstrate that these operators are at the edge of the team. This represents a potential 'bottleneck' in the system, with a reliance on OPSO and SOC to mediate between operators at the edge of the team. This demonstrates how team configuration can impact on its functioning (Stanton, Rothrock, Harvey & Sorensen, a, b) . Examining rooms from a sociotechnical perspective can provide knowledge of optimal configurations and structure based upon which operators communicate most frequently (Walker et al. 2008 . It also facilities understanding of how information should be presented and how interfaces should be designed based upon the connectivity of information and tasks.
Information network analysis
The information with the highest number of emissions and greatest sociometric status was 'bearing'. The ambiguity associated with the primary sensor (passive sonar) being used during a return to periscope depth means the only definite information a command team has concerning surrounding vessels is bearing (Shar and Li 2000; Stanton 2014; Zarnich 1999; Ogden et al. 2011) . However, the information with the greatest betweeness was 'contact'. A primary objective of submarine operations is to maximise safety, particularly in relation to other 'contacts' sharing the ocean . 'Speed', 'course' and 'solution' have similarly high sociometric status to each other in both low and high-demand conditions. It is the generation of 'contact' 'solutions' that facilitate the generation of a tactical picture. Along with 'bearing' information estimates of 'speed' and 'course' from sonar are what TMAs use to generate solutions. Estimates of 'speed' are more reliable and more quickly acquired by SOPs than 'course' demonstrating why the betweeness of speed increases in the high-demand condition, whereas the betweeness of 'course' decreases as operators have less time to dedicate to more difficulty to acquire and/or ambiguous information sources. The high value and connectivity of information such as 'bearing', 'speed' and 'course' to inform 'solution' generation is supported by prior work Stanton 2014; Stanton and Bessell 2014) .
The lowest value number of emissions and receptions was observed for 'visual' information; this supports what was observed in the social network analysis as when operating at depth that 'sonar' information is relied upon (Shar and Li 2000; Stanton 2014 ). 'Priority' had a low volume of emission and sociometric status in the low-demand condition, but this more than doubled during the high-demand condition. This suggests that to cope with increased demand (e.g. volume of contacts to be tracked) more emphasis was placed on identifying 'priority' contacts that were deemed to be potentially more hazardous during a return to periscope depth (Hunter et al. 2014; Loft et al. 2013 ).
Task network analysis
The tasks most frequently completed by the command team are related to sonar (detection, designation, speed estimates and solution generation). This provides further support to the fact that sonar is the primary senor used when operating at depth (Shar and Li 2000; Stanton 2014 ). The frequency of task completion for classification, speed estimate generation and solution generation increased the most out of all tasks in the high-demand condition. The classification of a vessel allows a command team to prioritise contacts based upon the likely threat posed to the submarine and so may help to reduce workload (e.g. promote a focus on accurate solution generation for priority contacts in terms of threat). A transition from deep to shallow waters is arguably the most dangerous of the routine operations completed by submarines, understanding what type of vessels surround the submarine (e.g. fishing vessels with trawl nets) appears to be a key task to cope with increased workload in complex waters (Drumheller and Benoit 2004) .
The tasks related to changing own submarine parameters remains consistently high across the high and low conditions. Submarines change course to enable the ranging of contacts (e.g. using triangulation techniques); speed changes are required so that it is safe to raise periscope without damage and depth changes are made to complete a return to periscope depth. Manoeuvring to a safe location to return to periscope depth based upon the tactical picture generated is a key aspect of safe submarine operation for a variety of mission objectives (Bateman 2011; Stanton 2014) . The completion of tasks related to visual information (e.g. raise periscope and search for visual contacts) is completed the least. Once a return to periscope depth is complete, periscope might only be used to provide visual confirmation that the submarine is safe and briefly confirm the tactical picture (e.g. confirm range of priority contacts), periscope may only be raised for a short time as a primary objective of submarines is to remain covert (Bateman 2011; Stanton 2014) .
Limitations and future research
A limitation of the current work is that the cohort recruited were primarily novices with short training histories (relatively speaking), which limits the overall generalisability of the results. It is likely that the results will not have absolute validity (e.g. be numerically comparable to expert teams) but will have relative validity (e.g. direction of effects) due to the submarine simulator and the entire study design (e.g. training materials, tasks and scenarios) being validated by SMEs and one of the teams tested being operational submariners. The use of novices for command and control studies has been shown to be effective in previous research . Moreover, the results were comparable to a Royal Navy team completing training in a high-fidelity simulator for a similar scenario (e.g. sociometric status of OOW) even though the operational parameters were not identical (Stanton 2014) . However, future research should aim to statistically compare navy teams to non-navy teams to ascertain the validity of the work, facilitating an understanding of which aspects can directly inform control room design ) and which aspects require higher-fidelity testing. Future research should also examine whether a change in command structure and control room layout may facilitate direct communication between operators who are routinely sharing information via OPSO (e.g. SOPs and TMAs).
Conclusions
The current work has provided empirical evidence for clear delineations between submarine command team operators in terms of social, information and task network analysis. During a return to periscope depth, sonar information is critical, reflected by the communications between operators in the command team, type of information passed and the frequency of tasks completed. This information can be used to inform the design of future submarine control rooms but also provide insight into the design of control rooms in general that are applicable to many other domains such as air traffic control and energy power plants . The current work indicates a potential for streamlining the transition of sonar information to solution generation, potentially by merging the SOP and TMA roles, or at least assessing their capacity to communicate more directly (e.g. not solely via OPSO and SOC). This highlights a high reliance on the communication between OPSO and SOC, with these operators being integral to command team performance. In the current control room configuration, these operators are positioned in separate rooms, so future work could examine if proximity-based control room configurations might reduce the communicative load placed on OPSO and SOC (Stanton et al. 2002 (Stanton et al. , 2003 .
Interface redesign might also reduce the amount of verbal communications when resolving ambiguous information. During the high-demand scenarios the focus of information appeared to shift away from the use of ambiguous information (e.g. sonar course generation) to more certain information (e.g. sonar speeds) and the prioritisation of contacts (e.g. classifications). This finding could be used to inform the design of future technologies that adapt to the demand placed on a command team. The current work provides a greater understanding of the functioning of contemporary submarine control rooms during a return to periscope depth scenario. It provides a baseline from which to compare future configurations and ways of working. Finally, it is worth noting that the studies were undertaken using a submarine simulation that allows some control over the scenario, activity setting and observation. Whilst the various network patterns described are likely to be a reasonable facsimile of operations at sea, validating those patterns at sea would be beneficial. Nevertheless, the study does provide greater insights in some of the nuances of command and control teams . This is likely to be generalisable beyond submarines to other command and control (Stanton et al. 2015a, b; Houghton et al. 2006 ) and control room (Stanton et al. 2003 domains.
